Paired box protein 5 (PAX5) plays a lineage determination role in B-cell development. However, high expression of PAX5 has been also found in various malignant diseases, including B-lymphoproliferative disorders (B-LPDs), but its functions and mechanisms in these diseases are still unclear. Here, we show that PAX5 induces drug resistance through association and activation of receptor-interacting serine/threonine-protein kinase 2 (RIP2; also known as RIPK2), and subsequent activation of NF-κB signaling and anti-apoptosis gene expression in B-lymphoproliferative cells. Furthermore, PAX5 is able to interact with RIP1 and RIP3, modulating both RIP1-mediated TNFR and RIP2-mediated NOD1 and NOD2 pathways. Our findings describe a new function of PAX5 in regulating RIP1 and RIP2 activation, which is at least involved in chemotherapeutic drug resistance in B-LPDs.
INTRODUCTION
B-lymphoproliferative disorders (B-LPDs) are characterized by abnormal B-lymphocyte proliferation and monoclonal lymphocytosis, encompassing B-cell lymphomas, multiple myeloma and leukemia, which are caused by virus infection and gene mutation. PAX5 maintains B-cell lineage development through transcriptional regulation (Cobaleda et al., 2007) . Deregulation of PAX5 has been associated with various types of tumorigenesis (Cazzaniga et al., 2001; Kanteti et al., 2009; Kozmik et al., 1995; Kubetzko et al., 2004; Stuart et al., 1995) , especially in B-cell malignancies, such as lymphoma and lymphocytic leukemia (Cobaleda et al., 2007; Krenacs et al., 1998) . PAX5 expression is prevalent in B-LPDs, but not in plasma B-cell malignancies (Dong et al., 2008) . In addition, about 30% of multiple myeloma cases have been found to be accompanied by PAX5 expression (Lin et al., 2004) . CD20 and PAX5 have been used as a biomarker to classify a subgroup of multiple myeloma (Zhan et al., 2006) . It suggests that PAX5 expression is relevant to B-LPDs pathogenesis.
Bortezomib has been proven to be effective for the treatment of multiple myeloma and plasma cell leukemia, which are PAX5-negative B-LPDs (Esparis-Ogando et al., 2005; Utecht and Kolesar, 2008; Zhan et al., 2006) . However, the effect of Bortezomib on PAX5-positive B-cell lymphomas and leukemia is limited (Goy et al., 2005; Liu et al., 2009; Strauss et al., 2006) . Therefore, Bortezomib has different effects in the treatment of B-LPDs, which might be attributed to the activation of anti-apoptotic pathways. Therefore, the question remains as to the relationship between PAX5 expression and the pathways of drug-resistance in B-LPDs.
The nuclear factor-kappa B (NF-κB) pathway is constitutively activated in clinical samples and cell lines of B-LPDs (Jost and Ruland, 2007; Keller et al., 2006) . NF-κB activation decreases apoptosis and drug-sensitivity of B-LPDs, and has been identified as a crucial element in drug resistance (Jost and Ruland, 2007; Keller et al., 2006; Li et al., 2008; Mitsiades, 2002; Strauss et al., 2006) . However, the relationship between PAX5 expression and high intracellular NF-κB activity, as well as drug-resistance in PAX5-positive B-LPDs cells remains unexplored.
In this study, we demonstrate that PAX5-positive primary cells, including CD34-positive leukemia cells and CD138-positive multiple myeloma cells from peripheral blood and bone marrow of affected individuals, respectively, are more resistant to druginduced apoptosis compared with PAX5-negative primary cells. PAX5 directly interacts with RIP2 (also known as RIPK2) and significantly enhances phosphorylation of RIP2 at Ser176, which promotes drug-triggered NF-κB activation and drug resistance. Our findings describe a new function of PAX5 and signaling pathway of PAX5-regulated NF-κB activation, suggesting that PAX5 participates in the NF-κB activation and drug-resistance of PAX5-positive B-LPDs, and that it could be used as a potential target for therapy in B-LPDs.
RESULTS

PAX5-positive cells are more resistant to chemotherapy drugs
It has been reported that PAX5 is expressed in most B-LPDs (Dong et al., 2008) . Moreover, a large proportion of B-LPDs show a limited response to chemotherapy. To explore the relevance of PAX5 for drug resistance in B-LPDs, the PAX5-positive IM9 cell line was used as a representative PAX5-positive malignant B-cell line (Brien et al., 2007; Chu et al., 2014; Davis et al., 2010; Min et al., 2009; Shimizu et al., 2006) . U266 and RPMI8226 cell lines were employed as PAX5-null multiple myeloma cell lines, and the Daudi cell line was used as a PAX5-positive Burkitt's-lymphomaderived B-lymphoblast representative (Fig. 1A) . Drug-induced apoptosis assays showed that, in comparison with U266 and RPMI8226 cells, IM9 and Daudi cells exhibited a strong resistance to Bortezomib-induced apoptosis (Fig. 1B) . It has been reported that assay for apoptosis after culturing cells in the presence or absence of Bortezomib (Bort) (10 nM), Doxorubicin (Dox) (1 μg/ml) or Vinblastine (Vbl) (1 μg/ml) for 30 h. P-values, two-tailed Student's t-test. (C) IM9 and U266 cells, Daudi and RPMI8226 cells were cultured with or without Bortezomib (20 nM), Doxorubicin (10 μg/ml) or Vinblastine (10 μg/ml) for 4 h after serum starvation for 48 h. NF-κB activation and nuclear p65 were examined by western blotting. Apoptosis in primary CD34-positive leukemia cells (D) and CD138-positive multiple myeloma (MM) cells (E) was measured after culturing cells in the presence or absence of Bortezomib (5 nM) for 30 h. Apoptosis (%) includes both Annexin-V + PI + and Annexin-V + PI − cells. PI, propidium iodide. PAX5 expression was examined by using immunohistochemistry and RT-PCR analyses. Scale bar: 10 μm. One-way ANOVA was used. *P<0.05; **P<0.005; ***P<0.0005. Error bars, ±s.e.m.; data are representative of three independent experiments. Pat#, patient number.
various drugs can trigger NF-κB signaling, which can lead to drugresistance (Hideshima et al., 2009; Pahl, 1999) . Doxorubicin, Bortezomib and Vinblastine induced NF-κB activation and p65 (also known as RelA) nuclear translocation in IM9 and Daudi cells, but not in U266 and RPMI8226 cells (Fig. 1C ). In addition, two out of four PAX5-positive CD34-positive primary leukemia cell types and all three PAX5-positive CD138-positive primary multiple myeloma cells showed resistance to Bortezomib-induced apoptosis, whereas almost all PAX5-negative primary leukemia and multiple myeloma cells showed good responses to Bortezomib treatment ( Fig. 1D and E) , indicating PAX5-positive cells were more resistant to Bortezomib than PAX5-negative cells. These data indicate that PAX5 is involved in drug-induced apoptosis, in which, druginduced NF-κB activation might also play a role.
PAX5 enhances drug-induced RIP2 and NF-κB activation NF-κB activation has been reported largely in association with progression and drug resistance of B-LPDs (Jost and Ruland, 2007; Keller et al., 2006; Li et al., 2008; Mitsiades, 2002; Xiang et al., 2011) . Bortezomib has been demonstrated to activate the canonical NF-κB pathway in multiple myeloma cells through RIP2, which prompted us to evaluate whether PAX5 affects drug-induced NF-κB and RIP2 activation that results in drug resistance. Two stable PAX5-knockdown IM9 cell lines were established in which different sequences of the PAX5-coding gene had been targeted using small hairpin (sh)RNAs (called IM9-shPAX5-1 and IM9-shPAX5-2), both of which showed effective PAX5 suppression ( Fig. 2A) . The IM9-shPAX5-2 cell line with higher PAX5 silencing efficiency was used for subsequent studies. Additionally, expression of the PAX5 target gene CD19 (Kozmik et al., 1992) was significantly decreased in IM9-shPAX5 cells, further confirming PAX5 downregulation in IM9-shPAX5 cells (Fig. 2B) . Fig. 2C showed that PAX5 knockdown reduced Doxorubicin, Bortezomib and Vinblastine-induced RIP2 and NF-κB activation in IM9 cells. Also, drug-induced NF-κB activation was enhanced in PAX5-expressing U266 and RPMI8226 cells (Fig. 2D ). These data suggest that PAX5 expression is positively related to drug-induced RIP2 and NF-κB activation.
PAX5 induces drug resistance by promoting RIP2 and NF-κB activation
Chemotherapy drugs frequently activate NF-κB signaling, which prevents apoptosis. We examined whether PAX5-enhanced NF-κB activation was associated with resistance to Doxorubicin-, Bortezomib-and Vinblastine-induced death. As shown in Fig. 3A , IM9 cells expressing a control shRNA (IM9-Crl) showed less drug-induced apoptosis compared to IM9-shPAX5 cells. A low dosage of BAY11-7082 (5 nM), which specifically inhibited NF-κB activation and induced low levels of cell apoptosis (Keller et al., 2000) ( Fig. 3A ; Fig. S1 ), eliminated the differences in susceptibility to Bortezomib-and Vinblastineinduced apoptosis between IM9-Crl and IM9-shPAX5 cells, but not to Doxorubicin-induced apoptosis (Fig. 3A) . Overexpression of PAX5 in U266 and RPMI8226 cells led to a strong elevation of drug resistance, especially resistance to Bortezomib (Fig. 3B ). In addition, RIP2 knockdown in IM9 cells caused a dramatic increase of Bortezomib-triggered apoptosis, but only moderate augmentation of Vinblastine-and Doxorubicin-induced apoptosis (Fig. 3C) . Similarly, the selective RIP2 inhibitor SB 203580, but not the RIP1 inhibitor Necrostatin-1 (Degterev et al., 2013) nor the RIP3 inhibitor Dabrafenib (Li et al., 2014) , was able to significantly increase Bortezomib-induced apoptosis in IM9 and PAX5-expressing RPMI8226 cells (Fig. 3D) . Furthermore, only SB 203580 decreased Bortezomib-induced activation of RIP2 and NF-κB in IM9 cells (Fig. 3F ). The same results were obtained after employing selective shRNAs targeting RIP1, RIP2 and RIP3 ( Fig. 3E and G). These results suggest that RIP2 plays a dominant role in Bortezomib resistance in B-LPDs cells. The RIP-family of proteins comprises seven members sharing the highly homologous common kinase domain (Zhang et al., 2010) . RIP2 was the most highly expressed RIP-family member expressed in IM9 cells, whereas RIP1 and RIP3 exhibited relatively lower expression levels in IM9 cells (Fig. S2 ), which might reveal the crucial role of RIP2 in Bortezomib resistance in IM9 cells.
PAX5 and RIP2 affect tumor formation and susceptibility to Bortezomib in vivo
To further confirm the previous results in vivo, a tumor xenograft model was used. As shown in Fig. 4A , downregulation of PAX5 and RIP2 (shRIP2) restrained IM9 tumor growth. Additionally, Bortezomib treatment led to a further reduction in growth of IM9-shPAX5 and IM9-shRIP2 tumors. Moreover, Bortezomib-induced activation of caspase7 and caspase 9 was significantly increased in IM9-shPAX5 and IM9-shRIP2 tumors ( Fig. 4B ). Additionally, more terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cells and fewer proliferating cell nuclear antigen (PCNA)-positive cells were found in Bortezomibtreated IM9-shPAX5 and IM9-shRIP2 tumors than in IM9-Crl tumors ( Fig. 4C ). All together, these results demonstrate that PAX5 and RIP2 are both involved in drug-triggered NF-κB activation and lead to drug resistance in B-LPDs, particularly upon treatment with Bortezomib. The data also suggest that interplay between PAX5 and RIP2 activation plays a possible role in cell drug resistance.
PAX5 interacts with RIP2 to participate in the NOD pathway
We next examined how the nuclear transcription factor PAX5 affects activation of RIP2 in the cytoplasm. Previous studies have never shown the link between PAX5 and NF-κB-associated proteins (Pridans et al., 2008) . Therefore, we investigated the subcellular distribution of PAX5 and RIP2 in Bortezomib-treated IM9 and Daudi cells. The results showed that there was more PAX5 in the cytoplasm than in the nucleus after Bortezomib treatment (Fig. 5A) . Analysis of protein interactions using co-immunoprecipitation showed that PAX5 interacted with RIP2 as well as with RIP1 and RIP3 but not with other NF-κB-associated proteins in unstimulated IM9 and Daudi cells (Fig. 5B ). As shown in Fig. 5C , Bortezomib treatment substantially enhanced the interaction between PAX5 and RIP2, but not the binding of PAX5 to RIP1 or RIP3. To further demonstrate the interaction between PAX5 and RIP2, pulldown assays using the glutathione S-transferase (GST) tag were performed (constructs are detailed in Fig. 5D ), and they revealed that the RIP2 kinase domain (construct GST-RA) and RIP2 lacking the CARD domain (construct GST-RB) interacted with full-length PAX5 protein. Only the PAX5 that lacked the paired domain (construct GST-PB) could interact with the full-length RIP2 protein (Fig. 5D) . Thus, the PAX5 intermediate domain containing the octapeptide motif, nuclear localization sequence (NLS) and homeodomain is responsible for association with the RIP2 kinase domain, which might affect RIP2 phosphorylation.
We further explored whether PAX5-regulated RIP2 phosphorylation is involved in the RIP2-dominated NOD pathway. First, we found that NOD1 and NOD2 are expressed in IM9 cells (Fig. S2) , which is consistent with previous reports (Lin et al., 2013; Petterson et al., 2011) . We employed the selective NOD1 and NOD2 agonists γ-D-Glu-mDAP (iE-DAP) and muramyl dipeptide (MDP) to stimulate IM9-Crl and IM9-shPAX5 cells, as well as HEK293T cells that expressed Flag-NOD1 and -NOD2. The results showed that iE-DAP-and MDP-induced activation of RIP2 and NF-κB were positively related to PAX5 expression ( Fig. 5E and F) , further confirming that PAX5 regulates RIP2 activation.
PAX5 impacts TNF-α-induced NF-κB activation through RIP1
Considering that PAX5 can interact with RIP1, PAX5 might be involved in RIP1 activity that is induced by TNF-α (also known as TNF). As shown in Fig. 6A , TNF-α-induced RIP1 ubiquitylation and NF-κB activation were substantially attenuated when PAX5 was knocked down in IM9 cells. Consistently, PAX5 knockdown markedly reduced TNF-α-induced nuclear NF-κB binding (Fig. 6B) , recruitment of p65 to the ICAM1 promoter (Fig. 6C ) (20 nM), Vinblastine (10 μg/ml) and Doxorubicin (10 μg/ml) for 4 h after serum starvation for 48 h. (D) U266 and RPMI8226 cells that had been transfected with pcDNA-Crl ( pcDNA-EV) or pcDNA-PAX5 were cultured in the presence or absence of Bortezomib (20 nM), Vinblastine (10 μg/ml) and Doxorubicin (10 μg/ml) for 4 h. NF-κB activation and nuclear p65 were examined by western blotting. Data are representative of three independent experiments. Crl, control; Pi-, phosphorylated protein. and transcriptional activation of NF-κB target genes, including BCL-XL, ICAM1 and EGR1 (Fig. 6D ) in IM9 cells. Altogether, these results reveal that PAX5 is also involved in RIP1-mediated NF-κB activation.
DISCUSSION
In response to stimuli, PAX5 associates with RIP2 and enhances RIP2 phosphorylation on Ser176, further elevating drug-induced NF-κB activation and promoting drug resistance (Fig. 7) . It is well known that NF-κB activation contributes greatly to B-LPD pathogenesis (Jost and Ruland, 2007; Keller et al., 2006; Li et al., 2008; Strauss et al., 2006) . NF-κB-associated protein mutations have been linked to canonical and non-canonical NF-κB abnormalities (Demchenko et al., 2010) , and we found that high expression of PAX5 in B-LPDs indirectly caused NF-κB activation. Previous studies on PAX5 have been mostly focused on transcriptional regulation or cooperation with other tumor-associated proteins (O 'Brien et al., 2011 ). In our model, PAX5 acts as an adaptor protein that might induce RIP2 conformational alterations that are prone to RIP2 autophosphorylation, which is followed by NF-κB activation. Moreover, it has been proven that NF-κB impacts B-lineage commitment by targeting PAX5 expression (Balkhi et al., 2012) . Therefore, we propose that a positive-feedback loop for PAX5 expression and NF-κB activity might exist in B-cell differentiation. In addition, because the kinase domains that are responsible for interaction with PAX5 are highly conserved in RIP-family proteins (Zhang et al., 2010) , PAX5 is also likely to interact with the kinase domains of other RIP-family members (RIP1, RIP3, etc.), regulating the activity of these RIP kinases and affecting multiple inflammatory signaling pathways, such as NOD and TNFR (Zhang et al., 2010) . Moreover, whether RIP2 participates in TNFR signaling is still controversial, although it is interesting that RIP2 phosphorylation is increased in response to TNF-α treatment (Fig. 5D) ; however, it could be due to the specific cellular context in IM9 cells.
Bortezomib has been proven to trigger NF-κB activation by promoting RIP2 phosphorylation at Ser176, which is a new RIP2 autophosphorylation site identified to be an indicator of RIP2 activity (Hideshima et al., 2009; Dorsch et al., 2006) . Phosphorylation at this residue might result from drug-induced ER stress, but clear understanding requires further investigation. (E) IM9-Crl and IM9-shPAX5 cells were cultured in the presence or absence of TNF-α (50 ng/ml) for 20 min, or MDP (100 ng/ml) or iE-DAP (100 ng/ml) for 30 min after serum starvation for 48 h. (F) HEK293T cells expressing Flag-NOD1 or Flag-NOD2 in combination with pcDNA-EV or pcDNA-PAX5 were cultured for 36 h before iE-DAP (100 ng/ml) or MDP (100 ng/ml) stimulation for 30 min. NF-κB activation and nuclear p65 were examined by western blotting. Data are representative of three independent experiments. Pi-, phosphorylated protein.
Although overexpression of PAX5 has been reported to trigger nondrug-induced apoptosis in multiple myeloma cells (Proulx et al., 2010) , our data suggest that PAX5 increases Bortezomib-induced NF-κB activation and drug-resistance by enhancing RIP2 Ser176 phosphorylation. Meanwhile, Bortezomib-induced apoptosis in primary multiple myeloma and leukemia cells has been proven to be related to PAX5 expression. Also, selective inhibitors and shRNAs against RIP1 or RIP3 fail to restrain Bortezomib-induced NF-κB activation and increase susceptibility of IM9 cells to Bortezomib, indicating that RIP1 and RIP3 are not involved in Bortezomibinduced drug resistance. Resistance to Bortezomib and Vinblastine results from elevated NF-κB activity, whereas resistance to Doxorubicin might be induced by other pathways involving PAX5. Unexpectedly, PAX5 and RIP2 knockdown impact the tumor-forming ability of IM9 cells in vivo. PAX5 inhibits CD80 and CD86 expression in IM9 (Fig. S3) , which could serve as costimulatory molecules for triggering natural-killer-cell-mediated cytotoxicity (Harnack et al., 2011; Luque et al., 2000; Wilson et al., 1999) . RIP2 is also a crucial adaptor for the transmission of multiple signals and participates in the migration and invasion of breast cancer cells (Singel et al., 2014) . These functions of PAX5 and RIP2 might affect the tumorigenic and apoptotic properties of IM9 cells in nude mice. Additionally, IM9-shPAX5 and IM9-shRIP2 tumors show higher sensitivity to Bortezomib in vivo than the control cells. These data suggest that PAX5 is a potential target for novel drugs and therapies.
In summary, PAX5 interacts with RIP2 and enhances RIP2 phosphorylation, leading to intensive NF-κB activity and drug resistance. These findings reveal a new function of PAX5 in drug resistance as well as its mechanisms of action in B-LPDs, indicate that PAX5 could be a new diagnosis marker and that it could be a valuable therapeutic target for PAX5-positive B-LPDs.
MATERIALS AND METHODS
Primary multiple myeloma and leukemia cell preparation
Written informed consent was obtained according to guidelines established by the Institutional Review Board of Anhui Medical University. The study was approved by the institutional ethics board of University of Science and Technology of China, and conducted in accordance with the Declaration of Helsinki. Bone marrow from multiple myeloma patients and peripheral blood from leukemia patients were processed using Ficoll-Paque gradient centrifugation. Primary tumor cells were purified (>95%) with CD138 (for multiple myeloma, n=11) or CD34 (for CD34-positive leukemia, n=8) positive selection using anti-CD138-or anti-CD34-antibody-conjugated magnetic activated cell sorting (MACS) microbeads (Miltenyi Biotec, Germany) . Primary tumor cells were cultured with or without 5 nM Bortezomib for 30 h, followed by analysis of cell apoptosis. PAX5 expression was detected by performing reverse-transcription (RT)-PCR or immunohistochemistry analyses.
Cell lines
IM9, RPMI8226, U266 and Daudi cells were maintained in RPMI1640 medium with 10% FBS. HEK293T cells were maintained in Dulbecco's modified Eagle's medium with 10% FBS. The IM9 cell line is an EpsteinBarr virus (EBV)-transformed human B lymphoblast that is used as a representative malignant B-cell line. RPMI8226 and U266 cells are widely used multiple myeloma cell lines. Daudi cell line is Burkitt's-lymphomaderived B lymphoblast (Torlakovic et al., 2006) . IM9-Crl, IM9-shPAX5 and IM9-shRIP2 cells were obtained through transfection of plasmids expressing a scrambled sequence, and PAX5-and RIP2-specific shRNAs, respectively, into IM9 cells, and selected for drug-resistant lines. Selective shRNA sequences against PAX5 and RIP2 were: PAX5-shRNA-1, 5′-CTTGCTCATCAAGGTGTCATTCAAGAGATGACACCTTGATG-AGCAAGTTTTT-3′; PAX5-shRNA-2, 5′-CGGCCACTCGCTTCCGGG-CTTCAAGAGAGCCCGGAAGCGAGTGGCCGTTTTT-3′; RIP2-shRNA, 5′-CCGGGCACAATATGACTCCTCCTTTCTCGAGAAAGG-AGGAGTCATATTGTGCTTTTT-3′.
Plasmids and reagents
PAX5-specific shRNA sequences were inserted into pU6+27 vectors. Human RIP2 (RA, amino acids 1-310; RB, amino acids 1-454; RC, amino acids 455-540) and PAX5 (PA, amino acids 1-143; PB, amino acids 144-391; PC, amino acids 254-391) full-length and fragmental cDNA were subcloned into pGEX-4T-1. Full-length PAX5 and RIP2 cDNA were inserted into pET-22b. PAX5 full-length cDNA was subcloned into pcDNA 3.0 vector. pLKO.1-RIP1, pLKO.1-RIP2 and pLKO.1-RIP3 shRNAs were purchased from Sigma-Aldrich. Selective shRNA sequences against RIP1 and RIP3 were: RIP1-shRNA, 5′-CCGGCCTTGTTGATAATGACTTCCACTCGAGTGG-AAGTCATTATCAACAAGGTTTTT-3′; RIP3-shRNA, 5′-CCGGCACA-GGGTTGGTATAATCATACTCGAGTATGATTATACCAACCCTGTGT-TTTT-3′. Human Flag-NOD1 and Flag-NOD2 expression vectors were obtained from Rongbin Zhou (School of Life Sciences, University of Science and Technology of China, Hefei, Anhui, China) as gifts.
The following reagents were used: Protein-A/G-plus-agarose (sc-2003, Santa Cruz Biotechnology); Bortezomib (B-1408, LC Laboratories); Doxorubicin and Vinblastine (D1515 and V1377, respectively, SigmaAldrich); BAY11-7082 (S1523, Beyotime Institute of Biotechnology, Shanghai, China); TNF-α (300-01A, Peprotech); Dabrafenib (M1988, Abmole, Houston, TX); MDP (53678-77-6, InvivoGen), iE-DAP (tlrl-dap; InvivoGen), SB 203580 (S1863, Beyotime Institute of Biotechnology) and Necrostatin-1 (480065, Millipore) were obtained from Rongbin Zhou as gifts.
Western blotting
Whole-cell and nuclear extracts were prepared as described in a previous study (Zheng et al., 2009 ). After SDS-PAGE separation, proteins were Fig. 7 . A schematic model of a PAX5-regulated NF-κB pathway. Under drug or inflammatory stimulation, such as with Bortezomib, iE-DAP and MDP, PAX5 interacts with RIP2 and promotes phosphorylation at Ser176. RIP2 activation triggers the transduction cascade of the NF-κB pathway, including phosphorylation of IKK, IκBα and p65, as well as drug resistance. P, phosphorylation; u, ubiquitin.
Flow cytometry
Cells were collected and blocked with 1% mouse serum, then washed after staining with FITC-conjugated anti-CD19 antibody (FHF019-010, 4A Biotech, Beijing, China), phycoerythrin-conjugated anti-CD80 antibody (305208, BioLegend), FITC-conjugated anti-CD86 antibody (555657, BD Biosciences) for 30 min. For cell apoptosis analyses, cells were incubated with FITC-conjugated anti-Annexin-V antibody (B157620, BioLegend) for 15 min, and then stained with propidium iodide. Samples were analyzed using a BD FACSCalibur instrument (BD Biosciences), and data processing was conducted using FlowJo software (Ashland, OR).
Electrophoretic mobility shift analysis
Nuclear protein was extracted using high-salt buffer (25 mM HEPES, pH 7.5, 10% sucrose, 0.01% NP-40, 1 mM DTT, 1 mM PMSF, 350 mM NaCl, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin and 1 mg/ml aprotinin). An NF-κB consensus probe (Santa Cruz Biotechnology) was end-labeled with [γ 32 P] adenosine triphosphate. Nuclear protein (3 µg) was incubated with an NF-κB consensus probe in binding buffer (12% glycerol, 12 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 60 mM KCl, 0.2 mM EDTA pH 8.0, 1 mM PMSF, 0.5 mM DTT and 0.5 µg poly deoxyinosinic-deoxycytidylic) for 20 min. The binding reaction mixtures were loaded onto 6% polyacrylamide gel, transferred to filter paper and visualized using autoradiography.
Chromatin immunoprecipitation
Cells were processed according to a previously described protocol (Ren et al., 2014) . Anti-p65 and normal rabbit IgG (Santa Cruz Biotechnology) antibodies were separately added into lysates. Real-time PCR was performed by using an ABI7500 instrument (Applied Biosystems) and FastStart Sybr Green Master kit (Roche). Human ICAM1-promoter-NF-κB, forward 5′-CTTCGTCACTCCCACGGTTA-3′ and reverse 5′-AACTCA-AGTCCTCCCTCTCC-3′.
Coimmunoprecipitation and ubiquitin detection
Protein was extracted gently using coimmunoprecipitation lysis buffer (50 mM Tris-HCl, pH 7.6, 120 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin and 1 mg/ml aprotinin). Addition of a deubiquitylase inhibitor (10 μM N-ethylmaleimide) and proteasome inhibitor (1 μM MG132) was required for ubiquitin detection. Lysates were incubated with antibodies overnight at 4°C after pre-clearing with protein-A/G-plus-agarose. Protein-A/G-plus-agarose was added, then centrifuged and washed in coimmunoprecipitation washing buffer (20 mM Tris-HCl, pH 7.6, 100 mM NaCl, 1 mM EDTA and 1 mM PMSF) or ubiquitylation washing buffer (20 mM Tris-HCl, pH 7.6, 1 M NaCl, 1 mM EDTA and 1% SDS). Results were analyzed by immunoblotting.
Pulldown assay
GST-or His-tagged fusion proteins were expressed in BL21 E. coli and extracted using supersonic lysis. GST-fusion protein was bonded to glutathione-Sepharose beads for 4 h following incubation with His-fusion protein for 6 h. Glutathione-Sepharose beads were collected and washed in washing buffer. Results were analyzed by immunoblotting.
Immunohistochemistry
Tumors were fixed in 10% formaldehyde for 24 h followed by paraffin embedding, then processed as described previously (Xu et al., 2011) . Human anti-PCNA antibody (sc-25280, 1:100, Santa Cruz Biotechnology) was used for detection of PCNA.
TUNEL assay
Paraffin-embedded tumor tissues were prepared, and the TUNEL assay was performed using the In Situ Cell Death Detection Kit, Fluorescein (Roche), according to the manufacturer's instructions. The final results were analyzed by using fluorescence microscopy.
Xenograft murine model
Four-week-old female nude mice were commercially obtained from the Laboratory Animal Center of the Academy of Military Medical Sciences. Mice were injected subcutaneously with IM9-Crl, IM9-shPAX5 or IM9-shRIP2 cells (3×10 7 ) in 100 µl RPMI1640 and 100 µl Matrigel (BD Biosciences). After tumors became a measurable size, mice were randomly placed into two group -the control group received 0.9% sodium chloride (n=5), and the Bortezomib group received 1 mg/kg bortezomib (n=5) twice weekly through the tail vein. Tumor volume was measured daily using the formula (length×width 2 )/2. Ten days later, animals were killed and tumors were removed, weighed and photographed. All animal studies were conducted according to protocols approved by the Animal Ethics Committee of University of Science and Technology of China.
Statistics
P-values were calculated using the two-tailed Student's t-test. Error bars indicate the s.e.m. of at least three independent experiments. ANOVA analysis was also used to analyze statistical significance.
